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IMPORTANCE 49
Phytoplankton are the undisputed primary producers in the aquatic ecosystems 50
and contribute approximately half of the global net primary productivity. 51
Dinoflagellates are one of the most important phytoplankton in the marine ecosystems. 52
Commonly, they do not exist autonomously in the marine environment but rather co-53 live with many bacteria that interact with dinoflagellates, producing a dynamic 54 microbial ecosystem. Their interactions play a major role in important processes such 55 as carbon fluxes and nutrient regeneration in the ocean, ultimately influencing the 56 global carbon cycle and the climate. Hence, there is a need to understand the 57 association and relationships between dinoflagellates and bacteria. Here, we tried to 58 elucidate these interactions through isolating and characterizing a bacterium from a 59 benthic toxic dinoflagellate culture. Our study is the first report of such bacterium 60 being recorded to be associated with a dinoflagellate in this genus, providing new 61 insights into the dinoflagellate-bacteria association for future research. 62
INTRODUCTION 64
Algae-bacteria associations have increasingly been recognized to be important in 65
shaping the growth of both algae and bacteria [1] . Many algae rely on vitamins 66 produced by the bacterial community [2] [3] [4] [5] [6] [7] . The symbiotic relationships between 67 algae and bacteria can also provide algae with major nutrients such as phosphorus, 68 nitrogen (N) [8] [9] [10] , and growth regulators [11] [12] [13] . Furthermore, bacteria can be a 69 potential food source for the mixotrophic algae [14] . In return, algae can provide 70 organic carbon as well as nutrients for bacteria, representing a microhabitat for these 71 associated microbes [15, 16] . 72
Among the diverse types of algae-associated bacteria documented so far, 73
Roseobacter [17] , Flavobacteria [18], and Proteobacteria [19] are the most common. 74
These bacteria form a mutualistic [3] or pathogenic relationship [20] with the host 75 algae. The bacteria reported to associate with dinoflagellates include Dinoroseobacter 76 spp. [21] and Marinobacter spp. [22] . Bacteria of order Rhizobiales are important 77 symbionts of legumes often developing as nodules on plant roots, where these 78 bacteria fix N2 and support plant growth [23] . However, the association of this type of 79 bacteria with algae has not been widely documented, and so far, its association has 80 been mainly limited to green algae [24] and brown algae [25] . Some species in this 81 group of bacteria have been reported to perform photosynthesis as they contain the 82 chlorophyllide a reductase, which is involved in the synthesis of bacteriochlorophyll 83
[26] and shares amino acid sequence identity with the nitrogenase iron protein, a key 84 enzyme in N2 fixation [27] . 85 6 Gambierdiscus balechii is a benthic dinoflagellate that can produce ciguatoxins 86 and had induced ciguatera fish poisoning in the Republic of Kiribati [28] . As benthic 87 epiphytic dinoflagellates, Gambierdiscus spp. are often found in association with 88 macro-algae in environments where nutrients are low and growth can be limited in the 89 water column [29] . Although Gambierdiscus spp. survive as photoautotrophs, they 90 can still use the exogenous organic carbon substrates for growth under light and dark 91 conditions [30], suggesting the potential mixotrophic capacity of this genus. In this 92 study, we aimed to identify and characterize the bacterium that contains the cell wall 93 hydrolase (CWH)-encoding gene, which theoretically might impact the interaction 94 between the bacterium and the host dinoflagellate. In particular, we detected, isolated, 95 and characterized a Rhizobium species harboring CWH from the toxic benthic 96 dinoflagellate Gambierdiscus culture. We set up experiments using various nitrogen 97 concentrations and growth phases to determine whether and how the bacterium can 98 benefit from G. balechii or whether it supports algal growth by supplying nutrients. 99
The results were used to test two hypotheses:1) both G. balechii and the associated 100 bacterium benefit from the co-growth in the culture; 2) the bacterium harbors the 101 nitrogenase iron protein gene (nifH) and is potentially capable of fixing N2 to support 102 algal growth. The verification of these two hypotheses will shed light on the 103 symbiotic relationship between dinoflagellates and bacteria. Sequencing and phylogenetic analyses of CWH from the isolated R. 129 rosettiformans strain GAMBA-01 showed that it was affiliated to Hoeflea sp., 130
Martelella sp., and R. flavum, which are all genera in the order Rhizobiales (Fig. 2.) . The nifH gene primers Nh21F and nifH3 were used to amplify the nifH gene or 143 its homologs. However, nifH was not detected in the amplicon after sequencing. 144
Instead, the 593-bp PCR product was most similar (97.08% identity) to bchX, 145 encoding the chlorophyllide a reductase iron protein subunit X of Rhizobiales bacteria. 146 bchX is a homolog of nifH ( Fig. 3) and functions in the bacteriochlorophyll a 147 biosynthetic process. The deduced amino acid sequence of BchX (197 residues) from 148 R. rosettiformans strain GAMBA-01 was 39.5% identical to that of NifH from R. 149 10 rosettiformans strain W3. This isolated BchX contains a conserved domain of 4Fe-4S 150 iron sulfur cluster binding protein that also belongs to the NifH/FrxC family. 151
Alignments of the isolated gene product with NifH or NifH homologs showed that the 152 conserved residues of the 4Fe-4S iron sulfur cluster-ligating cysteines are invariant, 153
suggesting that these enzymes might function similarly (Fig. 3) . 
Effects of N limitation on the growth of G. balechii-associated R. rosettiformans 161
Starting with the same G. balechii cell concentration, the dinoflagellate in both 162 the N-replete group and N-limited group grew similarly until 34 days, after which 163 their growth curves started to diverge (Fig. 4 ). This indicated that G. balechii entered 164 N-limited physiological conditions after 34 days. The cells of the N-replete group 165 11 maintained exponential growth after the 10 th day with the maximum growth rate of 166 0.22 d -1 (Fig. 4 ). The maximum cell concentration was 3,015 cells mL -1 on the 61-day 167 experimental period (Fig. 4) . In contrast, the maximum cell concentration for the N-168 limited culture was 557 cells mL -1 and the maximum growth rate was 0.11 d -1 (Fig. 4) . The chlorophyll a contents of G. balechii cells from both N-replete and N-174 limited groups increased initially but decreased overtime after reaching the peak value 175 ( Fig. 5a ). In general, chlorophyll a content per cell was higher in the N-replete group 176 than in the N-limited group (Fig. 5a ). The highest chlorophyll a value was 0.28 ng 177 cell -1 on day 25 in the N-replete group and 0.21 ng cell -1 in the N-limited group on 178 day 31. Chlorophyll a content in N-limited cultures declined rapidly after day 31, and 179 was significantly lower than that in the N-replete group (P < 0.05) ( Fig. 5a ). Cell sizes 180
were similar from day 40 to day 49 in the N-replete and N-limited groups, but were 181 12 higher in the N-limited group after 49 days with significant difference on day 52 and 182 day 55 (P < 0.05) ( Fig. 5b) . Significant difference between the treatment groups is indicated by * (P < 0.05). 203
204
The copy numbers of the CWH gene on day 40 and day 61 in the N-replete and 205 N-limited groups of G. balechii were also quantified. Similar to the 16S rDNA, the 206 CWH gene was more abundant in the N-limited group than in the N-replete group, 207 and the difference was significant during the late exponential phase (P < 0.05) ( Fig. 7) . 208
In contrast, no significant difference in CWH copy number was detected in the N-209 replete group between the early and late exponential phases ( Fig. 7) . Significant difference between the treatment groups is indicated by * (P < 0.05). 215
216
DISCUSSION 217
Marine algae and bacteria, as primary producers and decomposers, are the 218 dominant microorganisms in aquatic environments and their interactions play a major 219 role in important biogeochemical processes [34, 35] . Numerous studies have reported 220 how algae and the associated bacteria can benefit from their symbiotic relationships. 221
For instance, algae can utilize vitamins generated by bacteria and meanwhile bacteria 222 can utilize organic carbon produced by algal photosynthetic processes [2, 3, 7] . 223
Gambierdiscus spp. are notorious benthic harmful algal bloom species mainly 224 distributed in tropical and subtropical areas, commonly as an epiphyte of macro-algae 225 or algal turf covering hard substrates in coral reef ecosystems [36] . The density of 226
Gambierdiscus spp. in natural waters usually fluctuates widely within a short period; 227 however, analyses of environmental factors such as temperature, salinity, or nutrients 228 15 have not attributed these fluctuations to any of these factors [37] . It is possible that 229 interactions with bacteria affect the population variation of Gambierdiscus spp. and 230 alter the effect of the environmental factors. Previous studies have suggested that 231
Gambierdiscus spp. are possibly mixotrophic microalgae and have the potential to 232 assimilate and utilize some organic substances or nutrients released by bacteria [30, 233 36] , which might explain why species in this genus can survive for more than 60 days 234 when nutrients are scarce as observed in the present study. 235
However, to date, no symbiont bacterium for this dinoflagellate has been 236
reported. In the present study, we isolated a strain of Rhizobium bacterium from the 237 toxic benthic dinoflagellate G. balechii culture that harbors a CWH gene. A range of 238 analyses using different methods, including physiological and molecular techniques, 239 were used to identify and characterize this bacterial strain on G. balechii. As the first 240 report of a Rhizobium bacterium associated with G. balechii, the study also provides a 241 new model for studying the algae-bacteria associations. 242 A Rhizobium bacterium from G. balechii culture 243
Rhizobium, a genus in the order Rhizobiales, is widely reported to be associated 244 with higher plants [38] . Rhizobiales can elicit the formation of nodules on the roots or 245 stems of their leguminous host to convert atmospheric N2 into ammonia using the 246 enzyme nitrogenase, and then provide organic nitrogenous compounds such as 247 glutamine or ureides to the host plants [38] . These plants, in return, provide the 248 bacteria with organic compounds made via photosynthesis [38] . The Rhizobiales bacterium isolated from G. balechii culture was found to share a 260 99.93% identity with R. rosettiformans strain W3, which was isolated from 261 groundwater in Lucknow, India [31] . This is the first report of the association of a 262
Rhizobiales species with Gambierdiscus, as Rhizobium species have been documented 263 in symbiotic relationships with green algae [24, 41] and brown algae [25, 42] during the late exponential phase in both N treatments, a growth stage when nutrient 287 reduction to a limiting level is often expected. This suggests that N limitation reduces 288 photosynthesis in G. balechii. As nutrient stress and aging have been shown to induce 289 the production of extracellular polycarbohydrate substance [52, 55] , the late stationary 290 growth stage and N-limited culture condition are likely to create a favorable organic 291 carbon environment for Rhizobium and other bacteria in the G. balechii cultures. 292
Indeed, our results of qPCR analysis showed that R. rosettiformans GAMBA-01 293 18 (based on 16S rDNA and CWH) was more abundant in the N-limited cultures of G. 294 balechii than in N-replete cultures; the difference was statistically significant during 295 the late exponential phase when growth of G. balechii in the N-limited treatment was 296 remarkably lower than in the N-replete treatment. This suggested that this bacterium 297 may probably benefit from the association with G. balechii by obtaining organic 298 matter such as carbohydrate released from the dinoflagellate, especially during the 299 late exponential phase. In return, the dinoflagellate might survive at lower cell 300 concentrations by obtaining the nutrients after ingesting the bacterium when N is 301 limiting in the culture. Further investigations are required to verify this in the future. 302 bchX as a paralog of nifH in R. rosettiformans GAMBA-01 303
As a species of Rhizobium, a known N2-fixing microorganism [56], we suspected 304 that R. rosettiformans isolated from the G. balechii culture might be able to fix N2. N2 305
fixation is believed to be the evolutionary driver of many symbiotic systems, such as 306 
CWH gene and its potential functions 341
CWHs are a group of bacterial enzymes that are capable of hydrolyzing the 342 stress-bearing peptidoglycan layer of their own cell wall [64, 65] . Some of these 343 hydrolases can trigger cell lysis; therefore, they can be called autolysins or suicide 344 enzymes [66] . Autolysins have been observed to be involved in a series of important 345 cellular processes, including cell wall turnover, cell separation, competence, and 346 flagellation (motility) [67] . 347
The CWH gene isolated in the present study contains a conserved domain, cwlJ, 348 which has been reported to be involved in spore germination [32, 33] . Usually, spores 349 of bacteria can be dormant and extremely resistant to environmental stress [68] . As a 350 consequence, spores can survive for long periods in the absence of nutrients, whereas 351 they can rapidly return to life (germination) once nutrients are available in their 352 environment [69] . Germination requires degradation of the peptidoglycan layer 353 termed the spore cortex, which can be performed by cwlJ [32, 33] . Thus, cwlJ is 354 critical for spore germination in the presence of nutrients in the bacterial environment. 355
To our knowledge, CWH has not been studied previously in any algae-associated 356 bacteria, and its function in R. rosettiformans GAMBA-01 remains unclear. It is 357 possible that GAMBA-01 cells stay in the form of spores in the dinoflagellate culture 358 during a specific phase to survive nutrient scarcity. Once nutrients return to the 359 21 culture, CWH can be expressed to regulate spore germination of GAMBA-01. In the 360 present study, we observed higher copy numbers of CWH in the N-limited cultures 361 than in the N-replete cultures, especially in the late exponential phase. This indicated 362 that N limitation of G. balechii can promote the growth of the GAMBA-01 strain, 363
probably because this bacterium assimilates and utilizes organic matter released from 364 G. balechii, which increases under N limitation, especially during the late exponential 365 phase [52, 55] . Whether CWH functions in utilizing organic matter or in cell wall 366
turnover remains an open question. One drawback of our study is that we did not 367 assess the expression of this gene under contrasting N conditions or examine its 368 photosynthetic ability, which should be included in the future investigations. 369
CONCLUSION 370
Using bacteriological and molecular methods, we isolated a Rhizobium 371 bacterium from the culture of the ciguatoxin-producing dinoflagellate G. balechii. 372 This is the first report of the association of this bacterium with a Gambierdiscus 373 species and of a Rhizobium species with any dinoflagellate. We found that this 374 bacterium possesses a CWH-encoding gene, which might be related to spore 375 germination, organic utilization, or cell wall turnover of this bacterium. As bacteria 376 belonging to Rhizobiales typically are N2 fixers, we attempted to isolate nifH, which 377 is commonly used as a marker gene for N2-fixing organisms. PCR with universal nifH 378 primers did not amplify any authentic nifH gene; instead, we obtained a nifH homolog, 379 bchX, which is known to exist in bacteria with photosynthetic ability. We observed an 380 increase in the abundance of this bacterium as well as in CWH in the N-limited 381 22 cultures of G. balechii, especially during the late exponential phase. While it is 382 unlikely that this bacterium can perform N2 fixation in the G. balechii cultures, it is 383 apparent that it can benefit from the co-culture by incorporating and utilizing the 384 organic matter released from the dinoflagellate. On the other hand, G. balechii might 385 be able to benefit from the association by using the bacterium as food or as a source 386 of recycled nutritional substances for survival under low N-nutrient conditions. 387
Further investigations are required to understand the roles of CWH and bchX and the 388 functional interactions of the Rhizobium bacterium and G. balechii. 389
MATERIALS AND METHODS 390
Algal culture 391
Gambierdiscus balechii strain M1M10 was originally isolated from Kiribati in 392 2012 and was maintained in the State Key Laboratory of Marine Pollution, City 393
University of Hong Kong. The culture was grown in autoclaved and 0.22-µm filtered 394 artificial seawater with L1 medium nutrients (without silicate) [70] . The cultures were 395 maintained at 25°C under a 12:12 light: dark regime at a photon flux of 100 μmol m -2 396 s -1 . 397
Isolation of CWH-containing bacteria 398
A sample (10 mL) was removed from the Gambierdiscus culture and filtered 399 through 3-μm membrane (Merck Millipore, Darmstadt, Germany). One hundred 400 microliters of the filtrate, which was expected to contain bacteria, was spread onto a 401 marine agar plate (Luria Bertani (LB) medium prepared using seawater and 402 containing 1.5% agar). The plate was grown at 25 °C, under a 12:12 light: dark 403 23 regime at a photon flux of 100 μmol m -2 s -1 . Two days later, when colonies appeared, 404 PCR was performed using colonies picked on a pipette tip directly as templates. To 405 screen for bacteria that contained CWH (approximately 670 bp), common CWH gene 406 primers (Table 1) were designed from conserved regions of this gene identified from 407 an alignment of CWH sequences from various bacterial species. PCR amplification 408 with these primers was performed under the following conditions: initial denaturation 409 at 95 °C for 2 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing 410
at 55 ° C for 30 s, and extension at 72 °C for 40 s, with a final extension cycle at 411 72 °C for 6 min. The PCR-positive bacterial clones were isolated into monospecific 412 cultures for further analyses. 413
DNA extraction, amplification, and sequencing of the 16S rDNA and CWH gene 414
Bacterial colonies that yielded positive results in CWH-PCR were selected and 415 cultured in 50 mL Zobell 2216E broth at 25 °C for 24 h with shaking at 200 rpm. 416
Bacterial cells were harvested via centrifugation at 3,901 g for 10 min and then 417 transferred into a 2-mL micro-centrifuge tube with 0.5 mL DNA lysis buffer [19] . The 418 samples were incubated at 55 °C for one day. DNA extraction was conducted using a 419 CTAB protocol combined with the Zymo DNA clean and concentrator kit (Zymo 420
Research Corp., Orange, CA, USA) as reported previously [71] . The 16S rDNA was 421 amplified using the following parameters: 95 °C for 2 min, followed by 35 cycles of 422 denaturation at 95 °C for 30 s, annealing at 56 °C for 30 s, and extension at 72 °C for 423 1 min, with a final extension cycle at 72 °C for 6 min. Primers 27F and SgR were 424 24 used for the amplification of a 1.5-kb fragment of the 16S rDNA (Table 1) [19, 72] . 425
The amplicons were subjected to Sanger sequencing (BGI, Shenzhen, China) directly. 426
Amplification of potential nifH gene 427
Based on the 16S rDNA sequence, one of the bacterial isolates annotated as 428
Rhizobium (see Results) was selected for further characterization. To determine 429 whether this bacterium possesses the nifH gene, a nifH universal primer set (Nh21F 430 and nifH3; Table 1) was used as described before [59] to amplify a 476-bp fragment. 431
Amplification was performed using the following program: initial denaturation at 432 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 433 41 °C for 30 s, and extension at 72 °C for 40 s, with a final extension cycle at 72 °C 434 for 6 min. The amplicons were gel purified, cloned into the PMD-19T vector (Takara 435 Biotechnology Co., Ltd., Beijing, China), and transformed into Escherichia coli 436
DH5α competent cells (Takara Biotechnology Co., Ltd., Beijing, China). The 437 resulting clones were randomly selected for Sanger sequencing. 438
Nitrogen experiment 439
To grow G. balechii with coexisting bacteria, L1 medium (without silicate) was 440 prepared with two different nitrate concentrations using autoclaved artificial seawater. 441
For the N-limited cultures, the L1 medium was prepared with reduced nitrate 442 On day 40 (early exponential phase) and day 61 (late exponential phase), 10 mL 458 of the G. balechii culture was collected from each treatment and was filtered using a 459 0.22-μm nitrocellulose membrane (Merck Millipore, Darmstadt, Germany). The 460 membrane was then transferred into a 2-mL micro-centrifuge tube containing 1 mL 461 DNA lysis buffer (containing 0.1 M EDTA, 1% sodium dodecyl sulfate, and 8 µg 462 lysozyme). The samples were incubated at 55 °C for one week, with the prolonged 463 incubation intended to maximize algal cell breakage, which has proven to be 464 challenging in our laboratory. DNA extraction was conducted as described above. Specific primers (16SF and 16SR; Table 1 ) were designed based on the 16S rDNA 470 sequences obtained from the Rhizobium bacterium isolated in the present study. For 471 the CWH gene, primers qCWH-F and qCWH-R were also designed based on the 472 sequence obtained from our Sanger sequencing result ( Table 1 ). The PCR products 473 were purified and prepared in serial 10-fold dilutions to be used as standards. The 474 same molar quantity of genomic DNA (0.01 ng) was used as the template to amplify 475 the target gene from each group (N-replete and N-limited). Their copy numbers were 476 calculated based on the standards, which were amplified on the same PCR runs as the 477 samples. Each PCR was performed in a total volume of 10 µL containing 5 µL of 2 × 478 iQSYBR Green supermix (Bio-Rad, USA), 200 nM of each primer, and 4 µL of 0.01 479 ng/µL DNA. The PCR program consisted of a denaturation step of 95 °C for 30 s, 480 followed by 40 cycles of 95 °C for 5 s and 59 °C for 30 s. Each reaction had two 481 technical replicates. Finally, all the PCR products were subjected to melting curve 482 analysis to confirm primer specificity. 483
Phylogenetic analysis 484
Phylogenetic trees were constructed to determine the affinity of the bacterium 485 strain to the documented taxa of bacteria. 16S rDNA sequences as well as amino acid 486 sequences closely related to the CWH homolog isolated in this study were obtained 487 from National Center of Biotechnology Information (NCBI) to combine with the 488 sequences generated from this study as a dataset. The alignment of these 16S rDNA 489 27 sequences was performed using ClustalW via MEGA7 [75] . MUSCLE via MEGA7 490 was employed for the analysis of CWH amino acid sequences. Prior to maximum 491 likelihood (ML) phylogenetic analysis, the best DNA substitution model fitting for 492 16S rDNA sequences was T92+G which was selected using the Akaike information 493 criterion [76] . The best amino acid substation model fitting for CWH amino acid 494 sequences was WAG+G [76] . ML phylogenetic trees were created using MEGA7 495 with 1,000 bootstraps [75] . Neighbor-Joining analysis conducted using MEGA7 [75] 496 yielded similar tree topology. 497
Statistical analysis 498
To compare the differences in the variables between the N-replete and N-limited 499 groups, analysis of variance (ANOVA) was conducted using the SPSS Statistics 17.0 500 software package. Significant difference was set at P < 0.05. All data presented are 501 means with standard deviation calculated from the triplicate cultures under each N 502 condition. 503 28 
